Introduction
Mosquitoes are small insects, with the body size of adults ranging from 2 mm to 10 mm. They belong to the Family Culicidae and Oder Diptera. Normally, female adults feed on human bloods but male adults feed on nectar and other sources of sugar. In the Culicidae family, Aedes albopictus (Ae. albopictus) (Skuse) and Anopheles minimus (An. minimus) (Theobald) are major insect pests. They are nuisance insect pests and disease vectors of dangerous human and animal diseases in Asia and other tropical and subtropical countries of the world [1] [2] [3] .
Objective: To investigate the efficacies of 12 essential oil (EO) formulations from three Zingiberaceae plants (Alpinia galanga, Curcuma zedoaria, and Zingiber cassumunar) individually and in combination with an augmenting Eucalyptus globulus (E. globulus) EO against females of Aedes albopictus (Ae. albopictus) and Anopheles minimus (An. minimus). Methods: These formulations were evaluated for their ovicidal, oviposition deterrent and adulticidal activities against Ae. albopictus and An. minimus by a topical method, a double-choice method and a WHO susceptibility test, respectively. Results: It was found that all formulations of Zingiberaceae plants EOs augmented with E. globulus EO were more effective in oviposition deterrent, ovicidal, and adulticidal activities against the two mosquito species than all of the formulations used without E. globulus EO. Their oviposition deterrent, ovicidal and adulticidal activities were equivalent to those of 10% w/v cypermethrin. In contrast, 70% v/v ethyl alcohol as a control alone was not effective at all. The highest synergistic effect in effective repellency against Ae. albopictus was achieved by 5% Alpinia galanga EO + 5% E. globulus EO and against An. minimus was 5% Zingiber cassumunar EO + 5% E. globulus EO. Moreover, the highest synergistic effects in ovicidal activities against Ae. albopictus and An. minimus were achieved by 10% Zingiber cassumunar EO + 10% E. globulus EO and 5% Curcuma zedoaria EO + 5% E. globulus EO, respectively. For the adulticidal activities, the highest synergistic effect against two mosquitoes was achieved by 5% Curcuma zedoaria EO + 5% E. globulus EO. Conclusions: These results suggest that Zingiberaceae plant EOs augmented with E. globulus EO have a high potential to be developed into oviposition deterrent, ovicidal, and adulticidal agents for controlling populations of Ae. albopictus and An. minimus.
reported that malaria disease infected more than 216 million cases in 2016 and caused 445 000 deaths in 91 countries; most of them were children under 5 years of age. The total funding for global malaria control was estimated as US 2.7 billions in 2016 [8, 9] .
Unfortunately, there are no effective drugs or vaccines against the major parasites and pathogens transmitted by Ae. albopictus and An.
minimus. Therefore, vector control is the best way for preventing these serious diseases today. Chemical control is the most common and oldest way of defense for mosquito bite protection and vector population control. Pyrethroid, carbamate, and organophosphate insecticides have been effective for mosquito vector control in the past [9, 10] . However, currently, most mosquitocides in the groups of pyrethroids, carbamate, and organophosphates have lost their efficacy because mosquito vectors have developed resistance to them. Moreover, they are neurotoxic insecticides which are also highly toxic to human especially children and pregnant women, to mammals, and to the environment as well as non-target organisms [10, 11] . Therefore, there is an urgent need to search for new, safe, and effective mosquitocides in order to protect humans and mammals from mosquito vectors as well as from the toxic side effects of chemical insecticides.
A promising path for the search is to investigate ecofriendly mosquitocides that can reduce and even replace chemical insecticides.
Mosquito control through botanical insecticides should be a better alternative to control by using chemical insecticides [12] [13] [14] . Botanical essential oils (EOs) are one of the best insecticides for mosquito vector control. They are virtually non-toxic to mammals, humans or nontarget organisms as well as ecofriendly, safe for the environment and show potent insecticidal properties [15] [16] [17] . Reseachers have reported that many botanical EOs such as EOs from Cymbopogon citratus, Cymbopogon nardus, Citrus hystrix, and Curcuma aromatica exhibited larvicidal, pupicidal, and adulticidal activities against mosquito vectors such as Aedes aegypti (Ae. aegypti), Anopheles dirus, and Culex quinquefasciatus [18] [19] [20] [21] [22] [23] [24] .
Many EOs from Zingiberaceae plants and Eucalyptus sp. have been used as insecticides for controlling many insect pests including mosquito vectors [25] [26] [27] [28] . The three plant species tested here, Alpinia galanga (A. galanga), Curcuma zedoaria (C. zedoaria) and Zingiber cassumunar (Z. cassumunar) belong to the family Zingiberaceae.
They are local plants found in all regions of Thailand and South East Asia [29] . The EOs from rhizomes of these three Zingiberaceae plants have shown toxicity against insect pests and have also been used to prevent and treat several human illnesses with properties including antimicrobial, antioxidant, antibacterial, antifungal, antiseptic, antidepressant, antispasmodic, anticancer and antineuralgic [30] [31] [32] [33] [34] .
They also showed high toxicity against the larvae and pupae of Ae.
aegypti and Culex quinquefasciatus [16, 35] . EOs from C. zedoaria and Z. cassumunar showed a fair repellent activity against the females of Ae. aegypti and Culex quinquefasciatus [36] . In addition, EO from C. zedoaria rhizome has also shown a high adulticidal activity against laboratory-bred and field strains of Ae. aegypti [37] . The major monoterpene, 1-8-cineole, p-cymene and 毩 -phellandrene components from C. zedoaria EO showed a high larvicidal activity against Ae. aegypti and Anopheles dirus [26] .
Another EO tested, Eucalyptus globulus (E. globulus), belongs to the family Myrtaceae. E. globulus EO has antifungal, antineuralgic, antiseptic, antibacterial, and insecticidal properties [38, 39] . Its major component, 1,8-cineole, a monoterpene, has shown a high activity as oviposition repellent and antifeedant against the adults of Ae.
aegypti [40] and head lice, Pediculus humanus capitis [39] . Several researchers have reported synergistic effects between phytochemical substances and EOs combined at a suitable ratio, which resulted in higher insecticidal or oviposition deterrent activities than those provided by a single EO or phytochemical alone [27, 41] . Their suggestion has been confirmed by the result from a study by Auysawasdi et al. [42] that 25% E. globulus EO mixed with 5% vanillin gave a longer mosquito protection time from 66 to 144 and 204 to 390 min against Ae. aegypti and Anopheles dirus females, respectively. Many researchers have reported some efficacies of individual plant EOs against insects in the literature. However, reports on synergistic effect of combinations of plant EOs against insect pests are limited. Chauhan et al. [43] reported that synergistic combinations of EOs not only exerted more effects against insect pests but also let the insects develope less resistance to them than to individual EOs. Therefore, the objectives of this study were to determine the efficacy and toxicity of three EOs from Zingiberaceae plants,
A. galanga, C. zedoaria, and Z. cassumunar against the eggs and adults of Ae. albopictus and An. minimus as well as their oviposition deterrent activity and to investigate the EOs in combination with an augmenting substance, E. globulus EO, to find out whether the augmentation increased the efficacy of the three EOs in killing the eggs and adults of these two mosquito species. If some of the combinations showed a synergistic effect, the combinations would be more successful at controlling female mosquito vectors at their breeding sites and could be used for total eradication of the whole populations of mosquitoe vectors.
Materials and methods

Plant materials
The plant materials used in this study were fresh rhizomes of three kinds of plants. They are one-year-old Zingiberaceae plants:
A. galanga (KMITL-1AG), C. zedoaria (KMITL-2CZ) and Z.
cassumunar (KMITL-3ZC). They were collected from a farm in 
Mosquitoes
Two species of laboratory-bred mosquitoes, Ae. albopictus and An. minimus, were used in this study. The eggs of Ae. albopictus Table 2 Formulations and details of Zingiberaceae plant EOs with and without augmenting E. globulus EO, cypermethrin and ethyl alcohol.
Formulation Details F1 5% A. galanga EO 5% EO from rhizomes of % A. galanga + 95% ethyl alcohol F2 5% A. galanga EO + 5% E. globulus EO 5% EO from rhizomes of % A. galanga + 5% E. globulus EO + 90% ethyl alcohol F3 10% A. galanga EO 10% EO from rhizomes of A. galanga + 90% ethyl alcohol F4 10% A. galanga EO + 10% E. globulus EO 10% EO from rhizomes of A. galanga + 10% E. globulus EO + 80% ethyl alcohol F5 5% C. zedoaria EO 5% EO from rhizomes of C. zedoaria + 95% ethyl alcohol F6 5% C. zedoaria EO + 5% E. globulus EO 5% EO from rhizomes of C. zedoaria + 5% E. globulus EO + 90% ethyl alcohol F7 10% C. zedoaria EO 10% EO from rhizomes of C. zedoaria + 90% ethyl alcohol F8 10% C. zedoaria EO + 10% E. globulus EO 10% EO from rhizomes of C. zedoaria + 10% E. globulus EO + 80% ethyl alcohol F9 5% Z. cassumunar EO 5% EO from rhizomes of Z. cassumunar + 95% ethyl alcohol F10 5% Z. cassumunar EO + 5% E. globulus EO 5% EO from rhizomes of Z. cassumunar + 5% E. globulus EO + 90% ethyl alcohol F11 10% Z. cassumunar EO 10% EO from rhizomes of Z. cassumunar + 90% ethyl alcohol F12 10% Z. cassumunar EO + 10% E. globulus EO 10% EO from rhizomes of Z. cassumunar +10% E. globulus EO + 80% ethyl alcohol mL of clean water. One plastic tray was used to rear 400 larvae.
The larvae were fed with ground fish food for An. minimus and fish food pellets (SAKURA ® , 32% protein) for Ae. albopictus for 7-14 d until pupation occurred. The pupae were not fed with any food.
One hundred new pupae were collected in a 250 mL plastic cup containing 200 mL clean water, transferred to an insect cage (the size of 30 cm伊30 cm伊30 cm), and left lying until they developed into adults. The male and female adults were provided with 5% glucose solution food soaked in cotton wool. Two hundred and fifty 5-day old female adults in one insect cage were fed with blood meal by an artificial membrane feeding method for 60 min. Two days after blood feeding, the 250 female adults were transferred to an insect cage to oviposition. A 250-mL plastic cup containing 200 mL of clean water was placed inside the cage with a filter paper as a support for
Ae. albopictus females to lay their eggs on. For An. minimus females that needed no support for laying their eggs on, a 250-mL plastic cup with just 200 mL clean water was placed in the insect cage. Two days after the females were prepared for oviposition, the eggs were collected to be used in the next ovicidal bioassay.
Oviposition deterrence bioassay
The oviposition deterrence bioassay performed was a doublechoice method. The female adults were ready for use as subjects in an oviposition deterrence bioassay after two days of blood feeding. ERC% as E. globulus EO was added to the formulation was calculated as follows:
ERC%= ER% with E. globulus EO -ER% without E. globulus EO ER% with E. globulus EO 伊100
Ovicidal activity test
The ovicidal bioassay performed was a topical method. Twenty- were recorded at 48 hours after the topical treatment was completed.
Each treatment was replicated five times and the results were compared to those from 10% w/v cypermethrin (positive control) and 70% v/v ethyl alcohol (negative control). The percentage inhibition rate (IR%) of eggs was calculated by the following formula:
Where TD is the total number of dead eggs (not hatched within 48 h); and TT is the total number of treated eggs.
The percentage inhibition rate change (IRC%) as E. globulus EO was added to the formulation was calculated as follows:
IR% with E. globulus EO -IR% without E. globulus EO IR% with E. globulus EO IRC%= 伊100
WHO susceptibility test
The knockdown and mortality tests against mosquito females were performed using the WHO [46] susceptibility test. Two-day old female adults (not yet fed with blood meal) were collected as subjects for a WHO susceptibility test. Twenty-five two-day-old female mosquitoes were exposed to 2 mL of each formulation that was dropped onto a filter paper (Whatman ® No.1) with the size of 12 cm伊15 cm for one h in the treatment tube (44 mm in diameter and 125 mm in length) then transferred to the non-treatment tube.
The knockdown rate (KD%) was recorded at 1 h and the mortality rate (MR%) was recorded at 24 h after the exposure. Each treatment was performed in five replicates. Ten percent (w/v) cypermethrin and 70% v/v ethyl alcohol were used as positive control and negative control, respectively. The criterion for knockdown and mortality was no movement of any of the mosquitoes' body parts. KD% and MR%
were calculated by the following formulas:
Where NK is the total number of knocked-down adults; ND is the total number of dead adults; and NT is the total number of treated adults.
The susceptibility levels were classified according to WHO criteria: Susceptible (S) means 98%-100% of mosquito mortality;
Possible Resistant (PR) means 80%-97% of mosquito mortality; and Resistant (R) means less than 80% of mosquito mortality. According to these criteria, any substances that cause less than 98% mortality are considered to be at least 'possible resistant' which in reality, mosquitoes may not develop a resistance to them at all. They are just not 100% effective in the first place. The susceptibility status should be considered as an indicator for only a chemical insecticide that has been 100% effective in the past but not as effective at the present due to developed resistance.
The percentage knockdown rate change (KDC%) as E. globulus EO was added to the formulation was calculated as follows:
KD% with E. globulus EO -KD% without E. globulus EO KD% with E. globulus EO KDC%= 伊100
The percentage mortality rate change (MRC%) as E. globulus EO was added to the formulation was calculated as follows:
MR% with E. globulus EO -MR% without E. globulus EO MR% with E. globulus EO MRC%= 伊100
Statistical analysis
Five replications were performed in oviposition deterrence bioassay and the results were compared by a paired t-test. Moreover, all of the means of inhibition, knockdown and mortality rates were analyzed and compared by analysis of variance (ANOVA) and Duncan's multiple range test (DMRT). P value less than 0.5 was considered statistically significant. (10% C. zedoaria EO) showed the highest OAI and ER% at -1.0 and 100%, respectively. It was also found that the efficacies of 5% and 10% C. zedoaria EO augmented with E. globulus EO were equivalent in terms of oviposition deterrent activity to those that were not augmented. On the other hand, 5% and 10% A. galanga EO as well as 5% and 10% Z. cassumunar EO exhibited a considerable increase in effective repellency after being augmented with E. globulus EO.
Results
They also exhibited an equivalent oviposition deterrent activity and effective repellency to cypermethrin (positive control) and an obviously higher oviposition deterrent activity than ethyl alcohol did (negative control). showed an equivalent oviposition deterrent activity and effective repellency to cypermethrin except F1 and F9 formulations. As expected, all formulations exhibited a higher oviposition deterrent activity and effective repellency than ethyl alcohol did. The maximum change in inhibition rate as a result of augmentation with E. globulus EO occurred in F12 (10% Z. cassumunar EO + 10%
E. globulus EO), which showed an increase of 88.5% in inhibition rate after augmentation, followed by F10 (5% Z. cassumunar EO + 5% E. globulus EO), F6 (5% C. zedoaria EO + 5% E. globulus EO), F8 (10% C. zedoaria EO + 10% E. globulus EO), F2 (5% A. galanga EO + 5% E. globulus EO), and F4 (10% A. galanga EO + 10% E.
globulus EO) with an increase of 88.4%, 72.8%, 53.7%, 24.7%, and 7.3%, respectively. As expected, the negative control ethyl alcohol showed 0% inhibition rate (100% hatching rate).
Regarding the inhibition rate against the An. minimus eggs, it was found that after they were treated with the 12 formulations of EOs from Zingiberaceae plants augmented and not augmented with E.
globulus EO, the inhibition rates were quite similar to those against the Ae. albopictus eggs except for formulation with 5% and 10% Z. cassumunar ( Table 6 . All formulations of Zingiberaceae plant
EOs with augmenting E. globulus EO showed the highest efficacy against the Ae. albopictus females with a knockdown rate of 100% at 1 h after exposure. Moreover, the formulations of Zingiberaceae Mean percent inhibition rates in each column followed by the same letter are not significantly different (one way ANOVA and Duncan's multiple range test, P<0.05). IRC% = Inhibition rate change as E. globulus EO was added.
Table 6
Knockdown and mortality rates as well as susceptibility status of the Ae. albopictus females against 12 formulations of EOs from Zingiberaceae plants with and without augmenting E. globulus EO, cypermethrin and ethyl alcohol. Mean percent knockdown and mortality rates in each column followed by the same letter are not significantly different (one way ANOVA and Duncan's multiple range test, P<0.05). KDC% = Knockdown rate change as E. globulus EO was added; MRC% = Mortality rate change as E. globulus EO was added; S, Susceptible, means 98%-100% of mosquito mortality; PR, Possible resistant, means 80%-97% of mosquito mortality; R, Resistant, means less than 80% of mosquito mortality. (5% C. zedoaria EO + 5% E. globulus EO), followed by F8 (10% C. zedoaria EO + 10% E. globulus EO) that showed an increase of 5.6%. In addition, the highest mortality rate against An. minimus females reached 100% at 24 h after exposure and the susceptibility status of the An. minimus females against them was 'S = Susceptible' except F5 (5% C. zedoaria EO), F7 (10% C. zedoaria EO), and F9 (5% Z. cassumunar EO). F7 (10% C. zedoaria EO), F9 (5% Z.
cassumunar EO), and F5 (5% C. zedoaria EO) provided a mortality rate of 76.3%, 55.2%, and 38.5%, respectively, and the susceptibility status of An. minimus females against them was 'R = Resistance'.
Meanwhile, 10% w/v cypermethrin provided a 96.2% mortality rate and the susceptibility status of An. minimus females against it was 'PR = Possible Resistance'. In contrast, 70% v/v ethyl alcohol did not cause any mortality at all and was non-toxic to the An. minimus females. The maximum change in mortality rate as a result of augmentation with E. globulus EO was 61.5% for F6 (5% C. zedoaria EO + 5% E. globulus EO), followed by F10 (5% Z. cassumunar EO + 5% E. globulus EO) and F8 (10% C. zedoaria EO +10% E. globulus 
Discussion
All of the combinations of three Zingiberaceae plant EOs (A. globulus EO alone [46] . A result from another study of another insect pest was that combinations of EOs from mentha (M. piperrita) + eucalyptus (E. globulus) at 70:30 and 50:50 ratio showed a higher repellency activity against the adults of house fly (M. domestica) than individual E. globulus EO did [48] . In the same vein, another study showed that combinations of EOs from Lippia origanoides + Swinglea glutinosa and Turnera diffusa + Swinglea glutinosa showed higher larvicidal activities against Ae. aegypti larvae than the individual EOs did [23] . In addition, a study indicated that the combinations of EOs from M. piperrita EO + E. globulus EO showed higher larvicidal activities against Anopheles stephensi and house fly (M. domestica) than E. globulus EO alone did. However, there has been a report that M. piperrita EO alone showed a higher larvicidal activity against the larvae of Anopheles stephensi and M. domestica than its combination with an EO from Cymbopogon citratus did [43] .
A combination of seven major components of Hyptis suaveolens EO (sabinaene + 毩 -pinene + 毬 -pinene + limonene + terpinolene + 毬 -carophyllene + 4-tepineol) exhibited a synergistic effect and showed high toxicity to Ae. albopictus larvae [49] . In addition, a combination of five major components of geranium EO (geraniol + citronellol + citronellyl + formate + linalool) at a ratio of 1:1:1:1:1 exhibited a synergistic effect and high toxicity to head louse females (Pediculus humanus capitis) [50] . Combinations of tea tree oil and nerolidol also
showed high toxicity to all stages of head louse [51] .
In our study, two combinations of EOs (1:1 ratio of % 5% A.
galanga EO + 5% E. globulus EO and 5% Z. cassumunar EO + 5%
E. globulus EO) showed the highest synergistic effect at effective repellency change against the females of Ae. albopictus and An.
minimus, respectively. In addition, three combinations of EOs
(1:1 ratio of 10% A. galanga EO +10% E. globulus EO, 10% C.
zedoaria EO + 10% E. globulus EO, and 10% Z. cassumunar EO + 10% E. globulus EO) exhibited the highest synergistic effect at 100% inhibition rate against the eggs of the two mosquito species.
Moreover, two combinations of EOs (1:1 ratio of 10% A. galanga EO + 10% E. globulus EO and 10% Z. cassumunar EO + 10% E.
globulus EO) also showed the highest synergistic effect at 100% knockdown and mortality rates. Several researchers have reported that the major constitutents of EOs from A. galanga, C. zedoaria, and Z. cassumunar were monoterpenes, 1-8-cineole, camphor, terpinen-4-ol, 毩 -pinene, 毬 -pinene, and terpineol and the major constitutents of E. globulus EO were also monoterpenes, 1-8-cineole, terpinen-4-ol, 毩 -pinene, and 毬 -pinene [38, 52, 53] . Monoterpenes from plant EOs have been reported to cause mortality of insect pests by inhibition of GABA (gamma aminobutyric acid) receptor, acetylcholinesterase, octopamine and neuromodulator of the insect nervous system [54] .
Monoterpenes from plant EOs (geraniol, linalool and citronella)
showed high repellency against the females of Ae. aegypti [55] .
Similarly, 1-8-cineole, camphor, and terpinen-4-ol from C. zedoaria
and Zingiber zerumbet EOs were highly toxic to Sitophilus zeamais and Tribolium castaneum (major insect pests of stored products [52, 53] .
Camphor from plant EO also showed high toxicity to housefly adults [56] . The results from this study pointed out that the synergistic effect between EOs from A. galanga, C. zedoaria, and Z. cassumunar and E. globulus resulted in high toxicity to the nervous system of the two mosquito species. More importantly, all combinations of EOs were either more or equivalently effective in oviposition deterrent, ovicidal, and adulticidal activities than 10 % w/v cypermethrin.
Therefore, the combinations of A. galanga, C. zedoaria, and Z. cassumunar with E. globulus EOs have a high potential for developing into a new ovicidal and adulticidal formulations against these two mosquito vectors which are especially vectors of dengue and malaria. An important and necessary future study is to perform a rigorous field experiment on the toxicity of these combinations of EOs before they can be used with confidence as a botanical ovicide and adulticide for mosquito vector control.
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